A study was conducted with pigs to determine the sites of and the influence of dietary wheat middlings (WM) as a fiber source on the absorption of dl-Met (DLM) and dl-2-hydroxy-4-methylthio butanoic acid (HMTBA). Twelve 25-kg barrows were used in a replicated 6 × 4 incomplete Latin-square design with 6 diets and 4 periods per pig. Each pig was surgically fitted with simple T-cannulas in the terminal duodenum and ileum 2 wk before the initiation of the experiment and housed in a stainless-steel metabolism crate. The 6 diets were arranged in a 2 × 3 factorial of WM at 0 (CON) or 8% and Met source including none, DLM, or HMTBA. Supplemental DLM doubled the duodenal free Met concentration from 9.6 to 19.6 g/100 g of DMI. Supplemental DLM also increased the apparent ileal digestibility (AID) of free Met from 52 to 92% (P < 0.05). Adding 8% WM increased (P < 0.01) duodenal NDF concentrations by 2 g/100 g of DMI and decreased (P < 0.05) AID of free Met. No HMTBA was detected in digesta collected from the duodenum or ileum of pigs fed the CON + HMTBA or the WM + HMTBA diets, indicating complete absorption before the terminal duodenum regardless of WM inclusion. Interactions between Met supplementation and WM were observed for the digestibility of all other nutrients (P < 0.05). Fiber and AA digestibility in the ileum were the greatest for the CON + HMTBA diet, and least for the WM + HMTBA diet. The CON + HMTBA diet had greater AID of ADF, NDF, CP, and Thr, and greater AID of ADF, NDF, ash, Arg, Ile, Gly, and Pro when compared with the CON and CON + DLM diets, respectively (P < 0.05). The WM + HMTBA had less AID of ADF, CP, and all AA with the exception of Lys, Trp, and Val when compared with the CON + HM-TBA (P < 0.05). In summary, absorption of HMTBA in the pig is complete by the end of the duodenum, but negative interaction between HMTBA and WM can decrease the AID of most AA.
INTRODUCTION
Diets are routinely supplemented with dl-Met (DLM) or with the Met hydroxy analog, dl-2-hydroxy-4-methylthio butanoic acid (HMTBA). Methionine hydroxy analog is structurally similar to Met, with the primary difference being a hydroxyl residue in place of the amino residue on the chiral carbon of the AA backbone (Dibner, 2003) . This difference results in DLM and HMTBA having very different routes of absorption. Methionine is absorbed by a combination of passive and sodium-dependent tertiary active transport in the small intestine, with increasing transport capacity as digesta moves from the duodenum to the terminal ileum (Knight and Dibner, 1984; Buddington et al., 2001) . The hydroxy analog is a free acid that is absorbed via the l-lactate-associated monocarboxylate transporter (Brachet and Puigserver, 1987; Martín-Venegas et al., 2007) along the entire gastrointestinal tract of birds . However, the extent to which these differences influence overall absorption and relative bioefficacy is still controversial.
In addition to corn and soybean meal (SBM), many producers use feedstuffs such as wheat, barley, and distillers dried grains plus solubles, which contain greater concentrations of dietary fiber. Diets high in fiber have been shown to decrease the apparent digestibility and retention of N and AA in swine and poultry (Lenis et al., 1996; Dilger et al., 2004) . Absorption of DLM and HMTBA begin in the duodenum and stomach, respectively. Dietary fibers exert their antinutritive effects primarily in the small intestine, potentially af-fecting DLM and HMTBA absorption differently. We hypothesized that HMTBA digestibility would be less susceptible than DLM to the antinutritional effect of fiber. Therefore, the objectives of our study were to determine nutrient concentrations in the duodenum and ileal digestibility of supplemental DLM and HMTBA in pigs fed a Met-deficient corn-SBM-based diet with or without supplemental fiber from wheat middlings (WM).
MATERIALS AND METHODS
The Purdue University Animal Care and Use Committee approved all animal handling, surgical, and sample collection procedures.
Surgery
Barrows were selected at 25 kg, and simple T-cannulas were placed at the distal duodenum and distal ileum using procedures adapted from Dilger et al. (2004) . Feed was withdrawn, and pigs were administered an intramuscular injection of procaine penicillin (1,363 units/kg of BW; Norbrook Laboratories Limited, Newry, Northern Ireland) 20 h before surgery. On the day of surgery, the pigs were administered an injectable anesthetic cocktail of tiletamine and zolazepam (Telezol; 1.1 mg each of tiletamine and zolazepam/kg of BW; Pfizer, New York, NY), ketamine (1.1 mg/kg of BW; Pfizer), and xylazine (1.1 mg/kg of BW; Lloyde Inc., Shenandoah, IA), as well as the injectable antibiotic [Excede (1.03 mg/kg of BW); Pfizer]. This was followed by continuous administration of halothane to maintain a level plane of anesthesia. A 15-to 20-cm incision was made in the right abdominal wall following the contour of the ribs. The ileocecal junction was then located, exteriorized, and an incision was made into the ileum approximately 6 cm cranial to the ileo-cecal junction. The T-cannula was inserted, and the incision in the intestine was closed. A trocar was then used to create a circular opening through the abdominal wall, on the posterior side of the initial incision, to exteriorize the barrel of the cannula. A circular plate and locking nut were added to secure the cannula against being pulled back into the abdomen, and the cap was added to close the cannula. The pancreas was located, and another cannula was inserted in the terminal duodenum in similar fashion with the main difference being the duodenal cannula was exteriorized anterior to the initial incision. Finally, the main incision was closed in 3 layers using an uninterrupted running stitch. Pigs were then fasted for an additional 20 h and gradually brought back up to ad libitum feed intake over the course of 2 wk.
Treatments
A Met-deficient control (CON) diet that met or exceeded all other nutritional requirements for 20-to 50-kg pigs as indicated by the NRC (1998) was formulated using corn and SBM as main ingredients (Table 1) . Dietary treatments consisted of a 2 × 3 factorial arrangement with the respective factors being WM (0 or 8%) and Met supplement [0, 0.30 g of DLM (99% DM)/ kg of diet, or 0.34 g of HMTBA (88% DM)/kg diet]. Supplemental Met in the form of DLM or HMTBA was added at the expense of cornstarch. Fiber in the form of WM was added at the expense of corn and SBM with a focus on keeping the diets isocaloric and isonitrogenous. Chromic oxide was added at 3 g/kg as an indigestible marker for determining digestibility by the index method.
Experimental diets were fed to 12 pigs according to a replicated 6 × 4 incomplete Latin-square design with each period lasting 9 d. Pigs were weighed on d 1 and fed experimental diets. Fecal samples were collected over 24 h on d 5, ileal digesta were collected over 12 h on each of d 6 and 7, and duodenal digesta was collected in alternating 2-h periods for a total of 12 h on d 8 and 9. Collection bags were prefilled with 10 mL of 5% formic acid to reduce microbial proliferation, and digesta samples were stored at −20°C for subsequent analysis.
Chemical Analysis
In preparation for analysis, frozen duodenal and ileal samples were freeze-dried, ground through a 0.5-mm screen, and subsampled. Gross energy was determined at Purdue University by adiabatic bomb calorimetry (model 1261, Parr Instrument Co., Moline IL). Diet and duodenal and ileal digesta samples were sent to the University of Missouri Experimental Station Chemical Laboratory to be analyzed for moisture (934.01; AOAC, 2006) , Cr (990.08; AOAC, 2006) , ADF (973.18; AOAC, 2006) , NDF (Holst, 1973) , free Met (includes unbound DLM as well as Met released from intact protein for the duodenal and ileal digesta samples; Satterlee et al., 1982) , and 2-hydroxy-4-methylthio butanoic acid (Ontiveros et al., 1987 
Statistical Analysis
Data from the experiment were analyzed as a 2 × 3 factorial for the main effects of fiber and supplemental Met source using the JMP statistical package (SAS Inst. Inc., Cary, NC). The model consisted of WM inclusion (0 or 8%), supplemental Met (none, 0.30 g of DLM, or 0.34 g of HMTBA/kg of diet), WM inclusion × Met source interaction, collection period (1 to 4), replicate (1, 2), and pig (1 to 12) nested within replicate as a random effect. In the event of significant interaction between the main effects, Tukey's honestly significant difference test was used to compare main and simple effects means with α = 0.05.
RESULTS
Endogenous secretions in the stomach and proximal duodenum result in predominantly negative digestibility at the duodenum. To make the data from this collection site more easily understood, it was analyzed on a gram or milligram per 100 g of DMI basis ( Table 2 ).
The simple effects for AID of DM, ADF, NDF, energy, free Met, CP, crude fiber, crude fat, and ash are presented in Table 3 , and the simple effects for AID of AA are presented in Table 4 .
The CON and CON + HMTBA diets contained 2 mg of free Met/kg, and the WM and WM + HMTBA diets contained 1 mg of free Met/kg. The CON + DLM and WM + DLM diets contained 37 and 19 mg of free Met/kg, respectively. The HMTBA concentrations in the CON + HMTBA and WM + HMTBA diets were 20 and 13 mg/kg, respectively, and were undetectable in all other diets. No HMTBA was detectable in the samples collected from the duodenum or terminal ileum. Diets supplemented with DLM increased duodenal concentrations of free Met (P < 0.01) to 19.6 mg/100 g of DMI (SE = 1.59) compared with diets containing HMTBA (10.0 mg/100 g of DMI, SE = 1.57) or no supplemental Met (9.6 mg/100 g of DMI, SE = 1.54). Free Met concentration in the duodenum was not different between pigs fed 0 (14.0 mg/100 g of DMI, SE = 1.34) or 8% (12.2 mg/100 g of DMI, SE = 1.38) WM. Addition of WM increased the duodenal NDF concentration (P < 0.01) from 9.4 (SE = 0.53) to 11.5 g/100 g of DMI (SE = 0.53). There was no effect of DLM (10.6 g/100 g of DMI, SE = 0.57) or HMTBA (9.9 g/100 g of DMI, SE = 0.57) on duodenal NDF concentration compared with the unsupplemented treatments (10.8 g/100 g of DMI, SE = 0.56). For DM and ADF measured at the duodenum, the interaction between WM level and supplemental Met was statistically significant (Table 2) .
Duodenal DM and ADF concentrations were least in pigs fed the CON + HMTBA diet. Generally, more ADF was present in the duodenum of pigs fed the 8% WM diets, but the duodenal ADF concentration in pigs fed the WM diet was not different from those of pigs fed the CON and CON + DLM diets.
The interaction between WM level and supplemental Met source was significant for AID of DM, ADF, NDF, energy, CP, crude fiber, ash, and all AA (Tables  3 and 4 ; P < 0.05). Therefore, main effects can only be discussed for AID of free Met and crude fat. Free Met digestibility was depressed by the addition of WM (P < 0.05) from 71.4 (SE = 7.92) to 51.8% (SE = 8.23) and increased by addition of DLM (P < 0.05) from 52.0 (SE = 9.30) to 91.6% (SE = 9.59), but was not affected by HMTBA supplementation (41.3%, SE = 9.46). Apparent ileal digestibility of crude fat was 47.1% (SE = 2.60) in pigs fed the CON diets and 58.3% (SE = 2.65) in the pigs fed the WM diets (P < 0.01). However, AID of crude fat was not different in pigs fed diets containing no supplemental Met (50.1%, SE = 2.92), 0.30% DLM (56.3%, SE = 2.99), or 0.34% HMTBA (51.8%, SE = 2.98), perhaps because of the inclusion of corn oil in the WM diets but not in the CON diets.
In general, AID of AA were greatest in pigs fed the CON + HMTBA diet and least in the WM + HM-TBA diet (P < 0.05). Adding HMTBA to the CON diet increased AID of ADF, NDF, CP and Thr (P < 0.05), whereas the main effect of DLM inclusion was to increase the AID of free Met only (P < 0.05). The CON + HMTBA diet had greater AID of ADF, NDF, CP, ash, Arg, Ile, Gly, and Pro (P < 0.05) compared with the CON + DLM diet. Adding WM to the CON diet increased the AID of NDF, but decreased the AID of Asp (P < 0.05). Adding WM to the CON + DLM increased the AID of ADF and NDF, but adding WM to the CON + HMTBA decreased the AID of ADF, CP, and all AA except Lys, Trp, and Val (P < 0.05). However, the WM + HMTBA diet only decreased (P < 0.05) the AID of Met and 5 nonessential AA when Within a row, means without a common superscript differ (P < 0.05). Within a row, means without a common superscript differ (P < 0.05). compared with the CON diet. The WM + DLM diet had greater (P < 0.05) AID of Arg, Ile, Leu, Met, Phe, Cys, Gly, and Pro than the WM + HMTBA diet.
DISCUSSION
Our results confirm that there is a difference in the relative absorption sites for DLM and HMTBA in pigs. We found no detectable HMTBA in samples collected from any pig, which is indicative of complete HMTBA absorption by the end of the duodenum. This is in agreement with previous reports in the literature involving broilers and sheep (Lobley et al., 2006) . Richards et al. (2005) fed 36-d-old broiler chickens a Met-deficient diet containing HMTBA, killed them 6 h later, analyzed digesta at multiple sites along the gut, and reported greater than 85% disappearance of HMTBA in broiler chickens before the duodenum. Lobley et al. (2006) infused the abomasums of sheep with 1-13 C-dl-HMTBA for 6 h and reported greater concentrations of HMTBA in the abomasum, duodenum, and jejunum than in the proximal or more distal portions of the gastrointestinal tract, indicating rapid absorption. Collectively, these reports and the current study depict a situation where the hydroxy analog of Met is absorbed rapidly and completely in the foregut, which contradicts the finding of Drew et al. (2003) who reported greater amounts of residual radiation in conventionally raised and germ-free broiler chickens fed diets containing l- [methyl 3 H]HMTBA, indicating incomplete absorption of HMTBA. Apajalahti et al. (2009) reported that HMTBA exhibited antimicrobial properties at inclusion amounts greater than 0.2% in a simulated ileal environment in vitro, but no effect was seen in vivo. Apajalahti et al. (2009) interpreted the missing in vivo effect as an indication that HMTBA may not reach the ileum in live animals, which is verified by the current study and that reported by Richards et al. (2005) . However, Drew et al. (2003) , utilizing 3 H-labeled l-Met and l-HMTBA, demonstrated increased residual 3 H activity in the small intestine of germ-free and conventionally raised chicks consuming the HMTBA. Drew et al. (2003) interpreted the residual 3 H activity as an indication that HMTBA absorption is less complete than DLM, and this difference is the result of a preference for HMTBA on the part of intestinal microbiota. To reconcile these results and their differing interpretations, it is important to consider the possible fates of Met and HMTBA absorbed in the small intestine. Riedijk et al. (2007) reported that 20% of dietary Met intake in pigs is used directly by the gut. Of the Met used by the gut, 31 and 40% are converted to homocysteine and CO 2 , respectively. Homocysteine is a product of the methyl-donor pathway and precursor to l-cysteine, l-Met, and α-keto-butyrate. Martín-Venegas et al. (2006) reported a 2-fold increase in serosal concentration of Cys and smaller but statistically Within a row, means without a common superscript differ (P < 0.05).
1 DLM = dl-Met added to the diet at 0.30%.
2 HMTBA = dl-2-hydroxy-4-methylthio butanoic acid added to the diet at 0.34%; HMTBA added to the diet was completely digested. Site of methionine absorption in pigs significant increases in serosal concentration of taurine in everted sacs from chicken small intestine incubated with HMTBA relative to those incubated with DLM. Increased serosal release of S-containing AA indicates greater use of HMTBA for methyl-donor reactions. This in turn indicates that the differences in residual 3 H activity reported by Drew et al. (2003) are not entirely due to HMTBA-derived Met incorporated into bacterial protein, but are at least partially the result of methylated host proteins secreted into the lumen of the intestine. This would explain the greater 3 H activity reported in germ-free birds fed HMTBA relative to those fed DLM (Drew et al., 2003) if indeed HMTBA is completely absorbed early in the gut.
The antimicrobial properties reported by Apajalahti et al. (2009) could explain the positive effect HMTBA addition had on the digestibility of CP and Thr when compared with the CON diet, and of CP, ash, Arg, Ile, Gly, and Pro when compared with the CON + DLM diet. A decrease in the total microbiota of the foregut and anterior duodenum could result in reduced competition for nutrients with the host, and thus increased apparent digestibility. This is one mechanism by which antibiotic growth promoters are believed to increase feed efficiency . The concentration of HMTBA used in the present study (0.3 g/ kg) is far less than those routinely used when evaluating the antimicrobial properties of organic acids (between 5 and 24 g/kg; Lallès et al., 2009) , and according to Apajalahti et al. (2009) , less than 1 g of HMTBA/ kg did not affect gas production, short-chain fatty acid production, or bacterial density under simulated ileal conditions in vitro. However, the jejunum is the segment of the small intestine where most AA absorption takes place, whereas the terminal ileum is where useful absorption of protein ends. To affect nutrient digestibility, HMTBA may not need to enter the small intestine intact. Instead, it may need only to decrease the survivability of transient microbiota consumed in the feed and have that effect persist into the first part of the jejunum.
Instead of being biologically derived, the synthetic Met supplements, DLM and HMTBA, are manufactured in a series of chemical synthesis reactions. As such, each consists of a 50:50 ratio of the d-and lstereoisomers. Because the l-isomer of Met is the only one that can be used directly for protein synthesis and S-adenosylmethionine formation, the d-isomer of Met and both isomers of HMTBA need to be converted to the active l-Met to be efficacious (Dibner, 2003) . Dibner (2003) reported that postabsorptive utilization of racemic mixtures of DLM and HMTBA by chick and porcine hepatocytes for protein synthesis did not differ despite differences in the utilization of individual stereoisomers for each compound. Schreiner and Jones (1987) reported kidney fibroblasts to be capable of thriving in culture media where the sole source of Met activity was provided by l-Met, d-Met, and d-HMTBA, but not l-HMTBA. Schreiner and Jones (1988) later demonstrated that this difference was due to a greater degree of stereospecificity in the transport system for HMT-BA, which may favor the d-isomer of HMTBA. It has also been demonstrated that porcine hepatocytes that have been cultured for 72 h can use DLM and HMTBA equally, but after 3 wk of culture when fibroblasts predominate DLM is superior to HMTBA (Knight et al., 1998) . These in vitro reports indicate that the ability to use HMTBA as a source of Met activity may vary among cell types. This is supported by the work of Lobley et al. (2006) , in which sheep abomasally infused with 1-13 C-dl-HMTBA for 6 h demonstrated greater conversion of d-HMTBA to l-Met than l-HMTBA in the rumen, omasum, liver, lung, and kidney. Of particular importance was their conclusion that only the kidney converted more HMTBA to l-Met than what was needed locally, and could thus export l-Met derived from HMTBA to the plasma for use by other tissues (Lobley et al., 2006) .
It has also been shown that high fiber concentrations in the diet can have a detrimental effect on N and AA digestibility and retention (Schulze et al., 1995; Dilger et al., 2004) . Jansman et al. (2003) reviewed the literature concerning the bioavailability of HMTBA relative to DLM and reported a biological efficacy of 82% and an SD of 22 for pigs based on the results of only 5 studies. Of the 5 studies used in the review, there was 1 study (Römer and Abel, 1999) in which no difference was observed in N balance between DLM and HMTBA. The treatments used by Römer and Abel (1999) were based on a wheat, barley, and field-beans basal diet. Based on these results, we expected HMTBA digestibility to be either unchanged or improved and DLM digestibility to be decreased by WM supplementation along with all other AA. However, we found that addition of WM to the CON diet only increased NDF and Asp digestibility, increased ileal digestibility of ADF and NDF in the WM + DLM diet compared with the CON + DLM diet, and reduced ileal digestibility of ADF, CP, Arg, His, Ile, Leu, Met, Phe, Thr, and all of the nonessential AA in the WM + HMTBA diet compared with the CON + HMTBA diet. It is important to note that when compared with the CON diet, the WM + HMTBA diet only decreased the AID of Met and 5 nonessential AA, which indicates some sort of cooperative suppression of AA digestibility in diets containing HMTBA and supplemental WM. The interaction between WM and HMTBA supplementation does provide more evidence for the action of fiber as an anti-nutritional factor. However, the lack of a WM effect on ileal digestibility of any essential AA in the CON and CON + DLM diets is counter-intuitive. It is possible that the amount of WM used in the current study did not provide dietary fiber in excess of what the pigs could adapt to.
Previous work from our laboratory has shown an approximately 0.2% decrease in the true ileal digestibility of Arg, His, Ile, Lys, and Phe for each 1% increase in soyhulls included in a swine diet (Dilger et al., 2004) .
It would seem in the present study that an 8% addition of WM results in a 2 to 7% increase and a 5 to 9% decrease in apparent ileal digestibility of the essential AA in diets containing supplemental DLM and HMTBA, respectively. Recent work using pigs with T-cannulas in their duodenum and ileum has shown increased total dietary fiber digestibility as fiber content of the diet increases (Wilfart et al., 2007) . In the present study, adding WM resulted in altered ADF and NDF digestibilities in the duodenum and ileum that are influenced by the presence of DLM or HMTBA.
In conclusion, absorption of HMTBA seems complete by the end of the duodenum, unaffected by 8% WM inclusion, and unlikely to limit efficacy relative to DLM in pigs. Apparent ileal digestibility of CP and fiber may be increased by HMTBA, but not by DLM in low-fiber corn-SBM-based diets. Supplemental WM interacts negatively with HMTBA to decrease AID of most AA. This indicates that when cost per mole of Met activity is not different, HMTBA may be the better choice in low-fiber diets due to increased AID of ash and several AA compared with a diet containing DLM. Conversely, DLM may be the better choice when fiber content is increased because of negative interaction between HM-TBA and WM on the digestibility of other AA.
